Zak phase, which refers to the Berry's phase picked up by a particle moving across the Brillouin zone, characterizes the topological properties of Bloch bands in one-dimensional periodic system. Here the Zak phase in dimerized one-dimensional locally resonant metamaterials is investigated. It is found that there are some singular points in the bulk band across which the Bloch states contribute π to the Zak phase, whereas while in the rest of the band the contribution is nearly zero.
I. INTRODUCTION
Inspired by the discovery of topological insulators, 1,2 electronic systems with nontrivial topology has attracted a lot of interests. The concept of topology has also been extended to photonic systems to realize exotic phenomena. 3, 4 The topological properties of the bulk band can be characterized by topological invariants, which is proportional to the Berry phase picked up by a particle moving across the first Brillouin zone. In two dimensional systems, the topological invariant is first Chern number, 5 which determines the number of edge states in the band gap through bulk-boundary correspondence. In one dimensional (1D) system, the topological invariant is the Zak phase, 6 which plays an important role in understanding the polarization of polyacetylene, 7 and the topological edge state in one dimensional systems. [8] [9] [10] [11] [12] [13] Zak phase was firstly introduced to characterize the topological band of electron motions in 1D periodic solids. 6, 7 Recently, Zak phase has been intensively investigated in various artificial 1D crystals, including optical lattices, 14 photonic lattices, 15, 16 acoustic crystals, 17 photonic crystals, 18-21 metamaterials, 22, 23 and so on.
The relationship between the Zak phase of the bulk bands and the surface impedance of 1D photonic crystals in the gap has been revealed. 18 This "surface bulk correspondence" in 1D system can be used to determine the Zak phase in experiments. 19, 20 In addition, it is found that the Zak phase of one isolated band is related to the resonance of the equally spaced scatters in acoustic locally resonant metamaterials. 23 Controlling the topological property of the first band gap of locally resonant metamaterials in a convenient manner is extremely important in sub-wavelength-scale wave manipulation. However, the first band of metamaterials composed of simple cells always contains one and only one resonance at zero frequency, which limit the freedom in adjusting the topological property of the first band gap.
In this work, we investigate the Zak phase in dimerized 1D locally resonant metamaterials composed of a backbone waveguide and side-coupled branches playing the role of scatters. 24, 25 We show that the Zak phase of the system is determined by some singular points in the bulk band across which the Bloch states contribute π to the Zak phase. These singular points associated with zero reflection states can be distinguished into two types. The one corresponding to the anti-resonance of the branch is independent on the dimerization, and the other one coming from the destructive interference in multiple backscattering is dependent on the dimerization.
As the dimerization parameter changes continuously, our structure undergoes a topological phase transition in the band structure where the band inverts and the Zak phase, which is determined by the numbers of singular points in the bulk band, 
II. ZAK PHASE AND BAND INVERSION
The scheme of the dimerized 1D locally resonant metamaterial is shown in Fig. 1 . , as shown in Fig. 1(a) .
introduced, in which l is the distance between two branches in the same unit cell. As a comparison, the structure without dimerization ( 0 Δ = ), as given in Fig. 1(b) , is also investigated in the following.
It is worth noting that the dimerized 1D chains, i.e. Su-Schrieffer-Heeger (SSH) model, have been widely studied with tight binding approximation. 26, 27 Different from SSH model in which the resonators are near-field coupled, the branches in our structure can only interact with others through wave scattering. Therefore, our theoretical investigation begins with transfer matrix method, which allows one to obtain the band structure and reflection coefficient, with the help of Bloch theory. [28] [29] [30] The transfer matrix for the branch determined by its length 0 l and effective refractive index e n can be written as
where j is the imaginary unit, 
Where q is the Bloch wave vector, and 
whose sum over the entire Brillouin zone is the Zak phase with , mod 2
The Zak phase of the isolated bulk bands for different Δ is given in Figs. 3(a) , 3(c), and 3(e). According to the "surface bulk correspondence" in 1D system, the sign of the reflection phase in the band gap is related to the sum of the Zak phase of all bands below the band gap. 18 In Fig. 3 , the reflection phases in G2 for cases of Fig. 4 ) to achieve different topological materials. Especially, the MS-SP can be introduced into the first band in our system, which makes the topological phase transition be possible for the first band. This point is very important for wave manipulation using topological excitations in sub-wavelength scale.
III. EXPERIMENTALLY DEMONSTRATION OF BAND INVERSION AND TOPOLOGICAL INTERFACE STATE
Microwave experiments are conducted to demonstrate the previous theoretical results on Zak Moreover, the reflection spectra provide direct evidence of the singular points in bulk bands. By comparing Fig. 5(b) and Fig. 5 (e) carefully, we find the average reflection amplitudes of two samples are very different in bulk bands. In B1, refection of the second sample is much lower than that of the first sample. As we discussed in Fig. 4 , B1 of the second sample contains an additional MS-SP, which is a zero reflection state. Therefore, the lower average reflectivity in an isolated bulk band means that there is an additional SP in the corresponding band. The difference between two samples in the measured average reflectivity in B2, B3, and B4 are also consistent with the theoretical calculated SPs in Fig.4 . According to "surface bulk correspondence" in 1D system, there should be an interface state in their pair structure in the first band gap, which is protected by the topological phase transition across the interface. This interface state is demonstrated with a transmission peak at 1.13 GHz which is located in the original G1 area, as shown in Fig. 6(b) . Measured field distribution in the backbone waveguide at 1.13
GHz is given in Fig. 6 (c) with red dots, together with calculations (blue line). It clearly shows that the field is enhanced near the interface (domain wall) due to the interface state. It should be noted that the whole length of the sample is 224 mm, which is less than the wavelength (~265 mm) in vacuum at 1.13 GHz. One can design more compact structure by increasing the length of the branch with constant periodic length.
IV. CONCLUSION
In conclusion, we theoretically and experimentally investigate the Zak phase and band inversion in dimerized 1D locally resonant metamaterials. We demonstrate that 
